Desmoplastic melanoma is subclassified into pure and mixed variants with a higher rate of lymph node metastasis in the latter. Given that reasons for these biological differences are not currently known, we investigated these subtypes with techniques that included genetic and immunohistochemical analyses of 43 cases of desmoplastic melanoma (24 pure, 19 mixed). Direct DNA sequencing was performed on BRAFV600E, RET gene (coding region on exon 11) and KIT (exons 11, 13 and 17). Immunohistochemical stains were performed with antibodies to markers of significance with respect to biological potential of nevomelanocytic proliferations and/or desmoplastic melanoma (Ki-67, CD117, nestin, clusterin, SOX10 and CD271/p75NTR). Polymorphism at the RET coding region (RETp) was noted in 33% of pure (8/24 cases) versus 24% of mixed (4/17 cases); BRAFV600E was absent in all cases of pure (0/24 cases) versus 6% of mixed (1/17 cases); no mutations were found in any of the cases on analyses of exons 11, 13 and 17 of the c-KIT gene (P ¼ NS for all). For immunohistochemical analyses of pure versus mixed: mean percentage of Ki-67 nuclear positivity was 5% (s.d. ¼ 5.6) versus 28% (s.d. ¼ 12.6, Po0.001); CD117 stained 26% (6/23 cases) versus 78% (14/18 cases, Po0.01); nestin stained 83% (n ¼ 19/23 cases) versus 89% (16/18 cases, P ¼ NS); clusterin stained 4% (1/23 cases) versus 6% (1/18 cases, P ¼ NS); SOX10 87% (20/23 cases) versus 94% (17/18 cases, P ¼ NS) and CD271 stained 61% (14/23 cases) versus 67% (12/18 cases, P ¼ NS). Increased CD117 staining in the mixed variant suggests that alterations in the KIT protein may be involved in tumor progression. In addition, the proliferative index of the mixed variant was higher than that of the pure variant.
Desmoplastic melanoma is a rare variant of invasive cutaneous melanoma, with an annual incidence rate of approximately 2 per 1 000 000. 1 Features unique to this melanoma type include delayed diagnosis, deep invasion, increased perineural invasion and local recurrence. 2, 3 George et al 4 recently reviewed 87 cases of desmoplastic melanoma and identified a significant difference in propensity for regional lymph node metastasis in the variant composed of a mixed population of cells, that is, cells resembling conventional melanoma in addition to spindled cells, compared with the variant composed predominantly of spindled cells, lending credence to the concept of subclassifying desmoplastic melanoma into mixed and pure subtypes.
Although several molecular pathways are important in the tumorigenic progression of melanoma, the RAS/MAP kinase pathway appears to be the most important in conventional types. Approximately 60% of conventional melanomas have BRAF mutations, but genetic profiling studies indicate that desmoplastic melanoma does not exhibit mutations in BRAF to this extent. [5] [6] [7] [8] [9] Recently, the frequency of a polymorphism of RET, a receptor tyrosine kinase whose ligand is glial cell line-derived neurotrophic factor (GDNF), at codon G691S has been shown to be significantly increased in desmoplastic versus conventional melanoma, a finding which in part explains the more prominent neurotropism seen in the desmoplastic variant. 10 Gene expression profiling has also demonstrated multiple genetic differences between desmoplastic and conventional melanoma; many of these differences cluster to specific phenotypic families, including melanin pigment synthesis and neurotrophic factors. 11 Although several studies have demonstrated the genetic and immunohistochemical profile of desmoplastic melanoma, the histopathological subtypes (mixed and pure) have not been characterized in this manner. In the current study, we sought to characterize these two subtypes genetically and immunohistochemically. Gene sequencing studies included analyses of RET, BRAF and KIT genes. Rationale for the investigation of RET and BRAF was based on previous results described above, in which these two genes have different expression in conventional and desmoplastic melanoma; the initial hypothesis was that they may also be differentially expressed in the pure and mixed desmoplastic subtypes. KIT was investigated on the basis of the rationale that melanomas lacking BRAF mutations may have mutations or copy number alterations in c-KIT. 12 Immunohistochemical markers included the following: nestin, an intermediate filament protein, a melanocyte stem cell marker and a marker for melanoma-initiating cells, associated with poor prognosis in conventional melanoma; 13 clusterin, an 80-kDa glycoprotein of undefined biological significance shown to be significantly increased in desmoplastic melanoma; 11 SOX10, a neural crest stem cell marker, expressed in melanocytes, specifically, strongly expressed by desmoplastic melanomas; 14 CD117, a stem cell growth factor receptor encoded by the KIT gene, a receptor tyrosine kinase involved in cell survival and proliferation of melanocytes; CD271 (p75NTR), a neural crest stem cell factor, which has been shown to correlate with higher metastatic potential and worse clinical outcomes in melanoma; 15 and Ki-67 protein, a marker of cellular proliferation, which is expressed during of all phases of cell cycling (G1, S, G2 and mitosis), but absent during the resting phase. 16 
Materials and methods
This study was approved by the Institutional Review Board of Boston Medical Center (H-30085). Reports of cases from the Skin Pathology Laboratory, Boston University School of Medicine, Boston, MA, between 2000 and 2010, with a diagnosis of desmoplastic melanoma were perused and 43 cases (24 pure and 19 mixed desmoplastic melanomas) identified as meeting criteria for inclusion in this study with sufficient material for genetic and immunohistochemical analyses. Archival material from all 43 cases was retrieved. Histological sections of all cases were re-reviewed and the diagnoses confirmed. All patient data were de-identified. Tissue samples used were not selected for outcome measurements; hence, annotations regarding patient clinical data including follow-up/outcome are not included.
Genetic Analyses
DNA was extracted by proteinase K digestion of formalin-fixed, paraffin-embedded archival tissue. Direct DNA sequencing was performed on the BRAF gene (forward gene coding strand only) spanning codon 600. RET G691S functional polymorphism was detected by direct DNA sequencing on the RET coding region on exon 11 with the forwarding primer. Sequencing of the KIT gene was performed using forward and reverse primers for coding regions of exons 11, 13 and 17 as described previously. 17, 18 Codon regions studied included the following: for exon 11, regions 550-591 (forward: 5 0 -TCCAGAGTGCTCTAATGAC-3 0 , reverse: 
Results

Clinical Data
The demographics of the patients with pure and mixed desmoplastic melanoma are listed in Table 1 and compared in Table 2 . Briefly, 22 patients were male and 19 were female, with no significant difference in gender distribution between the two 
Histopathological Evaluation
Tumors were classified as mixed desmoplastic melanoma according to the criteria established in multiple previous studies, 4, 20, 21 in which the tumor contained two morphologically distinct populations of melanocytes with at least 10% of cells resembling conventional melanoma. Pure desmoplastic melanoma was defined as a predominantly spindled-cell tumor, with 490% of tumor cells consistent with the typical desmoplastic melanoma morphology. Forty-three cases of desmoplastic melanoma were found in our records; of these, two cases represented re-excisions after initial biopsies, which were also identified on initial blinded search. Thus, a total 41 cases were included in the histological comparisons, of which 18 were classified as mixed (44%) and 23 as pure desmoplastic melanoma (56%). Histopathological features of the two groups are compared in Table 2 . Average Breslow depth (for tumors not transected at their deep margin) was 4.2 mm; mixed-type tumors had an average depth of 5.5 mm (n ¼ 11 cases), whereas pure-type tumors averaged 3.74 mm (n ¼ 19 cases; P ¼ 0.76). Of 41 tumors, 28 contained a junctional component and 21 were pigmented microscopically, with no significant difference noted for the two groups for either of these features. A statistically significant difference was observed for mitotic rate in the two groups; pure-subtype cases had an average of 1.6 mitoses per mm 2 , versus 3.73 per mm 2 for mixed desmoplastic melanomas (P ¼ 0.045).
Genetic Analyses
Polymorphism at the RET Coding Region (RETp) The results of genetic analysis and immunohistochemical staining are summarized in Table 3 and examples are shown in Figures 1 and 2 . For genetic analysis, a total of 41 of the 43 initially identified cases were analyzed; for two of the initial group (both of the mixed subtype), the DNA extracted was suboptimal, precluding genetic analysis. In all, 12 of 41 of these cases (29%) exhibited RETp mutations. Of 24 cases of pure desmoplastic melanoma, 8 (33%) exhibited the G691S RETp, whereas in 16 (67%), the polymorphism was absent. In 17 cases of mixed desmoplastic melanoma, RETp was present in 4 (24%) and absent in 13 (76%) cases; there was no statistically significant difference between the two groups (P ¼ NS).
BRAF
Of 41 cases tested, only 1 (2%) exhibited BRAFV600E mutation; this was 1 of the 17 mixedsubtype cases (6%). Of note, this case was negative for RETp. No pure-subtype cases exhibited BRAF mutation. There was no statistically significant difference between the two groups in this respect (P ¼ NS).
KIT
No mutations were identified in any of the 41 cases on analysis of exons 11, 13 and 17 of the c-KIT gene. Testing revealed wild-type genotype in all instances for all cases. Figure 3 illustrates examples of immunohistochemical profiles of each tumor subtype.
CD117
Positive staining was noted by ascertaining cytoplasmic expression and any nuclear staining was considered the background artifact. Positive staining 
SOX10
Positive staining was noted by ascertaining nuclear expression and any cytoplasmic staining considered the background artifact. Positive staining of melanocytes in the basal layer of the epidermis and follicular epithelium in cases where the same was visualized served as the positive internal control. SOX10 stained 87% (20/23) of pure-versus 94% (17/18) of mixed-subtype tumors (P ¼ NS).
CD271 (p75NTR)
Positive staining was noted by ascertaining cytoplasmic expression and any nuclear staining considered the background artifact. Positive staining of nerve fascicles, eccrine glands and the follicular epithelium (outer root sheath) in cases where the same was visualized served as the positive internal control. CD271 stained 61% (14/23) of pure-versus 67% (12/18) of mixed-subtype tumors (P ¼ NS).
Discussion
Desmoplastic melanoma is an uncommon variant of cutaneous malignant melanoma; various estimates place its frequency between 1 and 4% of all diagnosed melanomas. [21] [22] [23] Although desmoplastic melanoma was first characterized in the medical literature in 1971, 2 only recently (2004) has the concept of two morphological subtypes been put forth. 20 Owing to the rarity of desmoplastic melanomas in general and this nascent classification system, the relative incidence of the two subtypes is not well established. Mixed desmoplastic melanoma appears to constitute between 40 and 60% of all cases obtained from histopathological archives, an estimate that appears to concur with findings from the current study in which 44% of cases (18/41 cases) were of the mixed subtype. 4, 22, 24 The increased propensity for regional nodal metastasis of the mixed subtype has been previously established in several studies. 4, 25, 26 In one study of approximately equal numbers of cases of pure and mixed desmoplastic melanomas, regional lymph node involvement was notably higher in the mixed subgroup (14 vs 3%; P ¼ 0.02), and overall 5-year survival was significantly worse in this variant (61 vs 80%; P ¼ 0.001). 27 Furthermore, in the pure subtype cases, local recurrence was usually the first event, but in mixed desmoplastic melanoma, distant metastasis was usually the first event, without a preceding history of local recurrence. 27 In another case series, systemic metastases appeared in 4 of 29 mixed desmoplastic melanoma patients (14%) versus 1 of 26 with a pure-type tumor (4%), and 5 patients with mixed-type tumors had diseaserelated death versus 2 with the pure type (although the authors did make note of the fact that the small sample size precluded any conclusions being drawn about the significance). 22 In yet another series of patients with metastatic desmoplastic melanoma, the mixed subtype (hazard ratio 6.17; CI 1.61-23.81; P ¼ 0.019) was an independent predictor of poorer overall survival in a multivariate analysis. 28 Thus, the higher mortality of the mixed subtype appears to be well established. However, immunohistochemical and genetic differences between these groups have not been previously reported.
Early genetic studies revealed that desmoplastic melanoma does not typically demonstrate mutations in BRAFV600E, which is found in up to 60% of conventional melanomas. 7 Our study further supports this observation, as only 1 of 41 cases exhibited BRAF mutation. A more recent finding explains, in part, phenotypic properties of desmoplastic melanoma. 10 Given that this variant is commonly neurotrophic, Narita et al 10 , investigated the rates of polymorphism in RET, which encodes a receptor tyrosine kinase for which the ligand is GDNF, and identified a statistically significant increased frequency of RETp mutation in desmoplastic versus conventional melanoma (61 vs 31%). Functionally, mutations in RETp in cutaneous and non-cutaneous malignant tumors (including pancreatic cancer and melanoma) have been thought to alter responsiveness to GDNF and promote cellular proliferation via signaling through the RAS-BRAF-ERK, PI3K and MAPK pathways. 10, 29, 30 Of the 41 cases in the current study, 12 demonstrated mutations in RETp, though statistically significant differences in the frequency of RETp between pure and mixed desmoplastic melanoma (8/24 vs 4/17; P ¼ NS) were not noted. Of the 12 cases, 10 (83%) with RETp exhibited neurotropism microscopically, versus 17 of 29 cases (59%) without RET polymorphism; although this difference did not reach statistical significance, there was a trend toward RETp being predictive of neurotropism (P ¼ 0.165). The only case that exhibited the BRAF V599E mutation, a mixed-subtype tumor (Case 36), did not have a coexistent RETp mutation.
Immunohistochemistry results for CD117 were the most significant finding in the current study. In the only two previous studies documenting expression of CD117 in desmoplastic melanoma, the frequency of expression ranged from 21 to 29%. 31, 32 In the more recent of the two, CD117 stained the epidermal component in 8 of the 10 cases, in which 1 was present, and the dermal component in 3 of 14 cases (21%). 31 Although the subtypes were not specified, it seems reasonable to extrapolate that these cases were all of the pure variant, as all were described as 'clear cut' cases of desmoplastic melanoma. Frequency of CD117 expression in the pure subtype in our series (26%) was similar to this finding.
Curtin et al 12 found that melanomas with c-KIT mutation or copy number increase were significantly more likely to have a vertical growth phase component, and concluded that KIT expression is enhanced in tumors of more advanced stage (though none of the melanomas included their study were of desmoplastic type). We noted significantly enhanced expression of CD117 in 79% of cases of the mixed subtype, with uniform staining of lesional cells in positive cases, with staining in both the spindled and 'epithelioid' components of the tumors. We observed no significant difference in either depth or mitotic rate for the positive and negative groups, though we suspect this may relate to the relatively small sample size. These findings should be validated by further studies on larger sample sizes of mixed desmoplastic melanoma cases.
When c-KIT, a transmembrane receptor tyrosine kinase, is activated via binding by its ligand (stem cell/steel factor), downstream events including activation of RAS/BRAF in the MAP kinase pathway are initiated, leading to cell proliferation. 12, 31 Given this, it makes sense that melanomas with c-KIT-activating mutations would not necessarily require BRAF or RAS mutations for oncogenesis. Desmoplastic melanoma would seem to share features in common with several melanoma types in this c-KIT group, including a predilection for sun-exposed sites and generally a lack of BRAF mutations. Head and neck locations are the most common sites for development of primary desmoplastic melanoma, ranging from 52 to 72% of all locations. 22, 33 Also of interest is the observation that in desmoplastic melanomas that have an associated intra-epidermal component, the majority exhibit a lentigo maligna-like phenotype (56 of 91 cases, 61% in one series; 22 ), with generally small, monomorphous melanocytes in a lentiginous growth pattern and minimal pagetoid scatter. 22, 34, 35 This also suggests homology with other melanomas on chronically sun-damaged skin, which commonly exhibit c-KIT mutations. According to Curtin et al, 12 'melanoma types that have frequent genetic alterations of KIT typically have a lentiginous growth pattern, characterized by melanocytes lined up as single cells along the epidermis in the progression stage preceding invasive growth. By contrast, non-CSD [chronically sun exposed] melanomas, which have no KIT mutations or copy number increases, typically show a pagetoid growth pattern with melanocytes scattered throughout the epidermis.' Of the 14 cases, 11 (79%) of CD117-positive mixed subtype had an overlying lentiginous junctional component, though this percentage was not significantly different than the CD117-negative mixed cases, nor the entire sample set as a whole (see Table 2 ).
We identified no mutations in c-KIT exons 11, 13 and 17 on genetic analysis of all tumors. Although the precise reasons for lack of correlation between genetic sequencing and c-KIT immunohistochemical expression are not clear, ours is not the first study to note lack of correlation. 36, 37 We recently observed a poor correlation between CD117 staining and c-KIT sequencing in atypical acral nevi. 38 Briefly, we noted that CD117 stained 80% of acral nevi (with and without atypia), but genomic analyses of KIT exon regions 11, 13 and 17 revealed no abnormalities in 'hotspots' frequently associated with point mutations in acral melanomas. 38 One proposed theory is that the c-KIT product identified on positive immunostaining may be a non-mature protein rather than the active membranous receptor form. 18 Another explanation may lie in the fact that copy number increases or gene amplifications may account for increased immunohistochemical expression without genetic mutations; 39 copy number amplification of KIT can be involved in the upregulation of the MAP kinase pathway. Additionally, given that the coding region of the c-KIT gene is large, from a scientific perspective, it seems reasonable to speculate that a novel mutation that does not involve the examined exons, that is, 11, 13 and 17 may be responsible.
Busam et al 11 have demonstrated that, compared with conventional melanoma, desmoplastic tumors show a significantly decreased expression of select genes related to melanin synthesis, and enhanced expression of multiple neurotrophic factors, observations consistent with the decreased pigmentation of desmoplastic melanoma, as well as its propensity for perineural invasion. 21 In their initial screen, this group found that the gene coding for clusterin, believed to be involved in apoptotic pathways, was significantly increased in desmoplastic melanoma, with a 31-fold higher expression versus conventional melanoma on gene expression profiling. 11 However, in a subsequent study, the same group noted that clusterin expression could only be identified in a minority of desmoplastic melanomas (7 of 21; 33%) on immunohistochemical staining. 40 We observed staining with clusterin in only two cases (one pure and one mixed variant). Although a possible explanation is that the results are reflective of differences relating to staining technique, both studies utilized the same clone of antibody, although dilutions were different. In addition, the scoring system incorporated here appears to be different from the one utilized by Busam et al, 40 with different thresholds for positivity.
Additionally, we found a significantly increased Ki-67 proliferative rate in the mixed desmoplastic melanoma variant. Higher Ki-67 index has been associated with poorer overall and disease-free survival in cutaneous melanoma. 41 Our finding here is similar to previous reports, in which higher mitotic rate was observed in mixed versus pure desmoplastic tumors, and correlated with more aggressive biological behavior. 4, 24 Nestin is an intermediate filament protein and marker for melanoma-initiating cells; immunohistochemical expression has been identified in desmoplastic melanoma 42 and is associated with poor prognosis in conventional melanomas.
13 CD271 (p75NTR) is a neural crest stem cell marker expressed in melanoma cells, which is associated with higher metastatic potential and worse prognosis. 15 In the current study, nestin and CD271 stained 86 and 65%, respectively, of all cases of desmoplastic melanoma with no statistically significant differences noted in the two variants, indicating that the populations of stem cells harbored appear to be similar in the two subtypes. Similar findings were obtained with respect to expression of SOX10, which stained 91% of cases in the current series with no significant difference between the two subtypes. SOX10 is a transcription factor, which is important in melanocyte development. It is downregulated upon terminal differentation of melanocytes, and appears to be a necessary cofactor for the expression of nestin, which has been correlated with tumor progression. [43] [44] [45] Given this, we hypothesized that SOX10 and/or nestin may have been differentially expressed in the two subtypes; the data did not support this theory.
A subclassification system of desmoplastic melanoma into pure and mixed subtypes has recently evolved on the basis of the clinical observation that these tumors behave in a heterogeneous fashion, some with limited lymph node metastasis and propensity for local recurrence, and others with higher nodal and distant metastasis and a poorer prognosis. In this study, although we noted many similarities between these two subtypes on genetic analysis and immunohistochemistry, we also noted a distinct difference in CD117 expression, which has not been previously recognized. This observation requires further study and validation, but may, in part, begin to explain the significant phenotypic differences between these two groups.
